ABSTRACT Six different attracticide formulations (LastCall OFM) were tested for attractiveness and toxicity to the Oriental fruit moth, Grapholita molesta (Busck). Oriental fruit moth pheromone was incorporated into the formulation at rates of 0.016, 0.16, and 1.6%, with and without the insecticide permethrin (6.0%), for a total of six different formulations. Formulations containing 0.016 and 0.16% pheromone were equally attractive to male moths, and both were signiÞcantly more attractive than formulations containing 1.6% pheromone. The presence of 6% permethrin in the formulations did not inßuence trap capture and there was no pheromone ϫ insecticide interaction effect. Comparison of the most attractive formulations in a wind tunnel bioassay showed a signiÞcant effect of pheromone dose and a pheromone ϫ insecticide interaction effect on the proportion of males that took off from the release device and contacted the attracticide droplet. There was no pheromone dose, insecticide, or pheromone ϫ insecticide effect on the proportion of males that exhibited wing fanning, locking-on to the pheromone plume, and upwind-oriented ßight behaviors in the wind tunnel. A second wind tunnel experiment revealed that a greater proportion of male Oriental fruit moths conducted all behaviors to calling virgin females compared with attracticide formulations containing 0.016 and 0.16% pheromone and 6% permethrin. Toxicity of the attracticide formulations was determined at 3 and 24 h after exposure in the laboratory and in the wind tunnel. Almost all of the males exposed to formulations in the laboratory bioassay and 66.4% of males exposed in the wind tunnel showed signs of pyrethroid poisoning by 3 h after exposure, and signiÞcant mortality was observed at 24 h after exposure. This research showed that attracticide formulations containing 0.016 and 0.16% pheromone and 6% permethrin were effective in attracting wild and laboratory-reared Oriental fruit moths and exposing them to insecticide through source contact. Further work is necessary to determine if LastCall OFM formulations are competitive with calling virgin females under Þeld conditions and whether treatment with LastCall OFM will result in reduced mating frequency and ultimately population control.
THE ORIENTAL FRUIT MOTH, Grapholita molesta (Busck) , is a key pest of many orchard agroecosystems worldwide (Rothschild and Vickers 1991) . Traditionally, the Oriental fruit moth has been a major pest of primarily stone fruit production in the northeastern United States, but infestation in apple has been on the increase since 1996 (Usmami and Shearer 2001). The signiÞcance of Oriental fruit moth to fruit production has also increased because of the development of resistance to organophosphate insecticides in many populations (Kanga et al. 1997 , Pree et al. 1998 , Usmani and Shearer 2001 and the removal of some insecticides from use as a result of the Food Quality Protection Act (1996) . The reliance of Oriental fruit moth on a female-produced sex pheromone for mate attraction (Roelofs et al. 1969 , and the extensive pheromone research that has been conducted on this species (see Baker 1989 ) makes its chemical communication system an ideal target for integrated pest management (IPM) of this species.
The potential for manipulating the behavior of insect pests with pheromones to achieve economically acceptable control has been recognized for many years. Mating disruption by the release of synthetic sex pheromone into the atmosphere has been investigated against many lepidopteran pests in different cropping systems. This technique has been developed and is commercially available against Oriental fruit moth (Rothschild 1975 , Cardé et al. 1977 , Rice and Kirsch 1990 . However, several mating disruption Þeld trials against tortricid pests have illuminated limitations to this tactic. For example, mating disruption has been less successful in tree fruit blocks that are irregularly shaped or small in size (Judd et al. 1996 , Charmillot et al. 2000 . Variable crop canopies, wind direction, and wind speed could interact to alter plume structure (Cardé and Minks 1995) and thus potential for adsorption and rerelease of pheromone from the crop canopy (Karg et al. 1994 , Suckling et al. 1996 . Finally, control by mating disruption requires the release of large amounts of pheromone into the crop and can be economically prohibitive in some pest management programs Brockerhoff 1999, Charmillot et al. 2000) .
To overcome some of the limitations of pheromonebased mating disruption, other pheromone-based technologies need to be examined. "Attract and Kill" technology that incorporates an attractant and a killing agent (attracticide) has been investigated against several lepidopteran pests. To date, lepidopteran attracticides have combined synthetic sex pheromones with pyrethroid insecticides that achieve a rapid knockdown effect (Butler and Las 1983 , Haynes et al. 1986 , Miller et al. 1990 , Downham et al. 1995 , Charmillot et al. 1996 , Charmillot and Hofer 1997 , Charmillot et al. 2000 , Krupke et al. 2002 . A recent attracticide formulation consists of a viscous paste that incorporates insecticide and attractant material in a UV sensitive carrier material (Hofer and Brassel 1992) . This formulation has been registered for use against the codling moth, Cydia pomonella (L.) (Lepidopatera: Tortricidae), in the United States under the trade name LastCall CM (IPM Tech, Portland OR). Success of LastCall CM (Charmillot et al. 2000 , Krupke et al. 2002 and preliminary lab and Þeld experimentation of this formulation against the light brown apple moth, Epiphyas postvittana (Walker) (Lepidoptera: Tortricidae), in New Zealand suggests it is a technology that could be extended to other tortricid pests.
Here we test six different formulations of LastCall OFM to determine attraction and toxicity to wild and laboratory-reared Oriental fruit moth males.
Materials and Methods
LastCall OFM Formulations. LastCall OFM formulations used in Þeld and wind tunnel studies were formulated by D. Czokajlo (IPM Tech, Portland, OR) . Formulations consisted of a clear viscous paste with a base of a proprietary product plus other inert ingredients (93.8% of the formulation). Oriental fruit moth pheromone used in the formulations was a three component blend consisting of 87.3% (Z)-8-dodecenyl acetate, 3.6% (E)-8 dodecenyl acetate, and 9.1% (Z)-8-dodecenyl alcohol. The pheromone was incorporated into the LastCall OFM formulations at rates of 0.016, 0.16, and 1.6% with and without the insecticide permethrin (6.0%) for a total of six different formulations (Table 1) . Individual LastCall OFM sources consisted of a 50-l droplet positioned in the center of a 1 by 2 cm piece of aluminum foil and suspended vertically by a short length of wire in the trap or wind tunnel. For Þeld use, droplets were prepared the afternoon before travel to Þeld sites. Foil pieces with droplets were suspended individually within glass jars and held in the refrigerator until transport to Þeld sites within a refrigerated container. LastCall OFM droplets used as sources in the wind tunnel were weighed to between 42.5 and 52.5 mg (mean Ϯ SE ϭ 48.41 Ϯ 0.51 mg) and used in bioassays within 1 h of preparation.
Field Trapping Experiment. A trapping experiment (Exp. 1) was conducted in seven commercial orchards in southeastern Pennsylvania during the 2002 Þeld season. Six Intercept A traps (IPM Tech, Portland, OR) were positioned 15 m apart in apple trees, 1.5 m above the ground. One of the six LastCall OFM formulations (Table 1 ) was assigned to each trap randomly, and male moth catches were counted after 1 wk. A total of three, 1-wk trapping periods were conducted throughout the Þeld season. At each trapping period, trap position was randomized and new LastCall OFM droplets were suspended in traps. Male moth catches in traps baited with one of the six LastCall OFM formulations were log (x ϩ 1) transformed and compared using a two-factor (pheromone dose, insecticide content) factorial design analysis of variance (ANOVA) with orchard speciÞed as a random factor and trapping period treated as a repeated measure (PROC MIXED; SAS Institute 1996). ANOVA was followed by least-square means tests (SAS Institute 1996) to assess male attraction to individual formulations.
Wind Tunnel Experiments. The wind tunnel used in bioassays was constructed after the design of Gardiner et al. (2001) . Air was pushed through the tunnel at speeds between 0.45 and 0.5 m/s and the pheromone plume was exhausted by a centrally located fan at the downwind end. The ßight section of the tunnel was 1.7 m long and 0.85 m high. Uniform dim white light was provided by six, 25-W incandescent bulbs, diffused through white paper. Temperature was maintained between 20 and 22ЊC in all bioassays.
Moths used in wind tunnel bioassays came from an Oriental fruit moth laboratory colony maintained on a lima beanÐ based diet or thinning apples at 16L:8D and 24ЊC. Pupae were separated by sex, and males and females were held separately under a reversed photoregimen until moth eclosion and subsequent use in the bioassay. Adult moths were held in individual 30-ml cups and provided with a water source. Two-to 5-d-old males were collected 40 min before the bio- (Table 1) in the wind tunnel. Cohorts of 2-to 3-d-old females were placed individually in mesh screen bags (9 by 6.5 cm) 40 min before the bioassay and held at the upwind end of the wind tunnel. At the initiation of the bioassay, one female that exhibited calling behavior was selected, and the mesh bag containing the female was positioned at the upwind end of the tunnel, and all other females were removed from the wind tunnel room. Only one calling female was used as a pheromone source on each day of the experiment. In both wind tunnel experiments, 7Ð15 males were ßown to each treatment during each bioassay (n ϭ 10 for Exp. 2; n ϭ 5 for Exp. 3) for a total of Ն60 moths per treatment per experiment. The proportion of males that conducted each of the behaviors to the various treatments in wind tunnel bioassays was compared using logistic regression of a two-factor (pheromone dose, insecticide) factorial model in Exp. 2 and a randomized block model in Exp. 3 (PROC LOGISTIC; SAS Institute 1996). In both wind tunnel experiments, day of bioassay was treated as an explanatory variable.
Toxicity Experiments. Two experiments were conducted to determine the toxicity of the LastCall OFM formulations to male Oriental fruit moths. In experiment 4 (Exp. 4), exposure to formulations 1Ð 4 and a double blank formulation, with no insecticide or pheromone, were compared (Table 1) . Virgin males, 1Ð5 d old, were chilled at 5ЊC for 15 min. Chilled males were removed from individual cups by grasping their wings with forceps. Males were positioned so that their tarsi touched the droplet of the LastCall OFM formulation for 3 s. Males were distributed evenly by age among the different treatments. Exposure to LastCall OFM formulations was conducted during the last 2 h of the photophase. Exposed males were placed in 30-ml cups, provided with a water source, arranged in random order on a tray, and left in full light for the duration of the experiment. Males were checked at 3 and 24 h after exposure and rated as healthy, incapacitated or dead. Experiment 5 (Exp. 5) compared the toxicity of males exposed to formulations 1Ð 4 in the wind tunnel in Exp. 2 above. Males that contacted the droplet in the wind tunnel were captured using a small net and placed in a 30-ml cup. All males were transferred to the laboratory, provided with a water source, and arranged in random order on a tray left in full light for the duration of the experiment. Males were checked at 3 and 24 h after exposure and rated as in Exp. 4. Toxicity of the LastCall OFM droplets in Exps. 4 and 5 was assessed using 2 by 2 contingency tables to determine if there was an association between moth mortality and the presence of insecticide in the formulation. Analysis was conducted on sets of contingency tables that were stratiÞed by pheromone dose at each time interval (PROC FREQ; SAS Institute 1996). In Exp. 5, Fisher exact test statistics were used because of low sample sizes in some cells.
Results

Field Trapping Experiment.
A total of 529 moths was captured in Exp. 1. Male moth capture was inßu-enced signiÞcantly by date of trap capture (F ϭ 23.40, P Ͻ 0.0001) and pheromone dose in the LastCall OFM formulations (F ϭ 22.34, P Ͻ 0.0001; Fig. 1 ). The presence of 6% permethrin insecticide within formulations did not inßuence trap capture (F ϭ 0.14, P ϭ 0.7143) and there was no pheromone dose ϫ insecticide interaction effect (F ϭ 0.52, P ϭ 0.6001). Leastsquare means tests demonstrated that formulations containing 0.016 and 0.16% pheromone were equally attractive to male moths (t ϭ Ϫ0.26, P ϭ 0.7929), and both were signiÞcantly more attractive than formulations containing 1.6% pheromone (t ϭ 5.72, P ϭ Ͻ0.0001; t ϭ 6.00, P Ͻ 0.0001; Fig. 1) .
Wind Tunnel Experiments. Comparison of LastCall OFM formulations 1Ð 4 in the wind tunnel in Exp. 2 showed a signiÞcant impact of day of replicate on the proportion of males that exhibited all behaviors. However, there was no inßuence of pheromone dose, insecticide, or pheromone dose ϫ insecticide interaction on the proportion of males that exhibited wing fanning, locking on to the plume, and upwind ßight behaviors (Fig. 2 ). There was a signiÞcant effect of pheromone dose on the proportion of males that took off from the release device (P ϭ 0.0306). Presence of insecticide in the formulation did not inßuence the proportion of males that took off, but there was a signiÞcant pheromone dose ϫ insecticide interaction effect (P ϭ 0.0387). Similarly, the proportion of males that contacted the droplets was signiÞcantly impacted by pheromone dose (P ϭ 0.0008) and a pheromone dose ϫ insecticide interaction effect (P ϭ 0.0168; Fig.  2 ), but there was no insecticide effect on source contact (P ϭ 0.2013).
In Exp. 3, there was no inßuence of day of replicate on the proportion of males that exhibited all behaviors to LastCall OFM formulations 1 and 3 and calling virgin females in the wind tunnel. However, the pheromone treatment presented to males in the wind tunnel had a signiÞcant impact on the proportion of males that wing fanned (P ϭ 0.0288), took off from the release device (P ϭ 0.0440), locked on to the pheroApril 2004 EVENDEN AND MCLAUGHLIN: ATTRACTICIDE FOR THE ORIENTAL FRUIT MOTHmone plume (P ϭ 0.0091), conducted upwind oriented ßight (P ϭ 0.0251), and contacted the pheromone source (P ϭ 0.0145; Fig. 3) . Toxicity Experiments. At 3 h after exposure, there was no signiÞcant association between moth mortality and presence of insecticide in the LastCall OFM formulations in either Exp. 4 or 5. However, 98.3 and 66.4% of males were incapacitated at 3 h after exposure to treatments containing insecticide in Exps. 4 and 5, respectively (Table 2 ). There was a signiÞcant association between presence of insecticide in LastCall OFM formulations and moth mortality 24 h after exposure at 0.016 and 0.16% pheromone dose levels in Exp. 4 ( 2 ϭ 18.45, P Ͻ 0.0001; 2 ϭ 33.91, P Ͻ 0.0001) and at the 0.016% pheromone dose level in Exp. 5 (Fisher exact test P ϭ 0.0004; Table 2 ). Statistical analysis was not valid on the 0.16% pheromone dose level in Exp. 5 because of low cell numbers, so no conclusions can be drawn on this formulation. Moth handling procedures did not inßuence moth mortality because no mortality was observed in moths exposed to the double blank formulation in Exp. 4 (Table 2 ).
Discussion
The effectiveness of an attracticide depends, at least in part, on insect exposure to insecticide through source contact with the formulation Brockerhoff 1999, Charmillot et al. 1996) . Therefore, the formulation needs to be highly attractive and sources need to be competitive with calling virgin females. Orientation of male Oriental fruit moth to synthetic sources of pheromone occurs optimally at release rates that approximate pheromone release from a calling virgin female , Baker et al. 1980 . Source contact with synthetic pheromone sources seems to have both a lower and an upper pheromone dose threshold that results in arrestment of male moths before contacting the source , Kuenen and Baker 1982 . The pheromone doses chosen for this experiment encompass the rate used commercially in LastCall CM (0.16% pheromone) for codling moth control (Charmillot et al. 2000) . All three doses attracted male moths in the Þeld trapping experiment. However, signiÞcantly more males were attracted to traps baited with the lower pheromone doses of 0.016 and 0.16% than to traps baited with 1.6% Oriental fruit moth pheromone (Fig. 1) , which suggests that termination of upwind ßight occurred before moths entered the traps baited with the highest pheromone dose.
In the wind tunnel, take-off and source contact behaviors by Oriental fruit moth males to formulations containing 0.016 and 0.16% were signiÞcantly inßu-enced by pheromone dose, and there was a signiÞcant pheromone dose ϫ insecticide interaction effect (Fig.  2) . These results were driven by more males contacting LastCall OFM formulations 1 and 3 ( Table 1 ) that contained permethrin and by an especially weak response to formulation 4 (Table 1) that contained 0.16% pheromone and no permethrin. Formulation 4 was less viscous than the other formulations because of the difÞculty of making small batches of LastCall OFM with altered amounts of ingredients (i.e., without permethrin) that would have consistent viscosity. (D. Czokajlo, personal communication). This may have resulted in a slight change in the release rate of the pheromone from droplets that negatively impacted take-off and source contact behaviors. However, there was no difference in the proportion of males that locked-on and ßew upwind to formulations 1Ð 4 in the wind tunnel, which is consistent with the Þeld trapping results.
There was no direct effect of the presence of 6% permethrin in the LastCall OFM formulations on male response in the Þeld or the wind tunnel (Figs. 1 and  2) . Other studies have also demonstrated that moth orientation to pheromone sources was not inßuenced by the presence of permethrin. Haynes et al. (1986) found that the response of male pink bollworm moths, Pectinophora gossypiella (Saunders) (Lepidoptera: Gelechiidae), to pheromone was not altered by the presence of several pyrethroid insecticides, including permethrin, at levels of 1 and 10% of the formulation. The light brown apple moth was captured in equal numbers in traps baited with virgin females, pheromone alone, and an attracticide formulation containing 6% permethrin . The effectiveness of an attracticide as a control agent will depend on the competition provided by natural sources of pheromone and might be expected to decrease as the population density of females increases (Krupke et al. 2002) . In the wind tunnel, we found that a signiÞcantly greater proportion of males conducted all behaviors to calling virgin females compared with LastCall OFM formulations 1 and 3 (Fig.  3) . Although source contact to both LastCall OFM formulations was high (Ͼ40%), calling females attracted Ͼ65% of the tested males. These Þndings, however, do not necessarily indicate that LastCall OFM droplets will not be competitive against females in the Þeld. Under Þeld conditions, male Oriental fruit moths respond optimally to higher doses (Ϸ10 times) of synthetic pheromone than in the wind tunnel . Another tortricid, the light brown apple moth, was captured in equal numbers in traps baited with three virgin females or attracticide droplets loaded at 300 or 3,000 g of pheromone , as compared to the Ϸ8 and 80 g of Oriental fruit moth pheromone per droplet tested in the wind tunnel. In addition, pheromone is released constantly from the LastCall OFM droplets, which might evoke male sexual responsiveness before the onset of female calling (Krupke et al. 2002) .
Almost all of the male Oriental fruit moths exposed to LastCall OFM formulations in the laboratory bioassay (Exp. 4) and 66.4% of males exposed in the wind tunnel bioassay (Exp. 5) showed signs of pyrethroid poisoning by 3 h after exposure (Table 2 ). In a Þeld situation, incapacitated males may be more susceptible to predation by natural enemies. However, significant mortality caused by formulation exposure was not observed in our experiments to any formulation until 24 h after exposure (Table 2 ). In contrast, Brockerhoff and found that light brown apple moths exposed to an attracticide containing 6% permethrin in a laboratory bioassay were all dead within 40 min. The apparent difference in toxicity toward these two tortricids could have been the result of different levels of exposure to the formulation. In our laboratory bioassay, chilled males were held with forceps, and their tarsi were placed on the surface of the LastCall OFM droplet for 3 s. Brockerhoff and Suckling (1999) forced the moths to land on an attracticide-treated mesh surface, which might have allowed greater body contact with the insecticide. The moths used in both studies did not exhibit any level of pyrethroid resistance.
Perhaps the best measure of expected toxicity caused by exposure to the LastCall OFM formulations was obtained in the wind tunnel bioassay in Exp. 5. This bioassay allowed males to contact the droplet as they would under Þeld conditions. However, only one contact was permitted, after which, the male was removed from the wind tunnel. Mortality rates of males 24 h after exposure to LastCall OFM formulations containing 6% permethrin in the wind tunnel were 52.2 and 57.9% for formulations 1 and 3, respectively (Table 2 ). This corresponds to the 56.8% 24-h after exposure mortality rate of male pink bollworm moths ßown to an attracticide formulation containing 10% permethrin in the wind tunnel (Haynes et al. 1986 ). Our primary objective in measuring the toxicity of the formulations at 3 and 24 h was to determine if males that contacted the attracticide droplets would be removed from the population within the same or the next scotophase. To determine the Þnal impact of permethrin poisoning on the population at least 96 h after treatment, mortality count is necessary (Floyd and Crowder 1981) . In addition, our study did not address the possibility of sublethal effects of permethrin poisoning on subsequent response to synthetic and natural sources of pheromone. Topical treatment of male Oriental fruit moth with sublethal doses of permethrin resulted in a decrease in the number of males that initiated upwind ßight to a pheromone source (Linn and Roelofs 1984) . The impact of sublethal exposure to LastCall OFM formulations on upwind ßight response, courtship, and mating behavior of male Oriental fruit moth is currently being studied.
Our initial studies have demonstrated that LastCall OFM formulations containing 0.016 and 0.16% Oriental fruit moth pheromone and 6% permethrin were effective in attracting wild and laboratory-reared Oriental fruit moth males and exposing them to the insecticide through source contact. Further work is necessary to determine if LastCall OFM formulations are competitive with calling virgin females under Þeld conditions and whether treatment with LastCall OFM will result in reduced mating frequency, and ultimately, population control. 
